Introduction
[2] Ice shelves are the floating extension of the Antarctic Ice Sheet and they fringe much of continental Antarctica. They are often in excess of 1500 m thick [Lythe and Vaughan, 2001] , and can be several hundred thousand square kilometers in area. As they are afloat, the bases of Antarctic ice shelves constitute an intimate link between the ice sheet and the Southern Ocean, and the very cold water masses formed within some sub-ice shelf cavities cool and freshen the deep waters supplied to the World Ocean [Orsi et al., 2002] . Ice shelves also form the seaward boundary of the Antarctic Ice Sheet, with changes in ice shelf melt rate, for example, affecting the rate of discharge of inland ice, and therefore global sea level [Payne et al., 2004] . In these ways, ice shelves and the processes beneath them form an integral component of the climate system: for a full description of the climate system and its likely response to manmade changes, these processes must in some way be incorporated within global climate models.
[3] Advancing our understanding of oceanographic processes beneath ice shelves has long been hampered by the difficulty in accessing the sub-ice shelf cavities to make measurements. Boreholes through the ice allow essentially point measurements [Nicholls and Makinson, 1998 ], and the logistical costs involved have meant that fewer than 20 access points have been made across all of Antarctica's ice shelves. Making further progress in understanding ice shelf-ocean interaction requires spatially extensive observations to complement the time series from borehole-deployed oceanographic moorings.
[4] On 13 February 2005 Autosub, an oceanographic autonomous underwater vehicle [Millard et al., 1998 ] recently modified for missions into cavities beneath ice shelves [Jones et al., 2005] , was deployed beneath Fimbul Ice Shelf, Antarctica (Figure 1) . Fed largely by Jutulstraumen, one of the principal ice streams of Dronning Maud Land, Fimbul Ice Shelf is characterized by having an ice tongue that overhangs the continental shelf break and slope, allowing that part of the ice shelf to come into contact with the relatively warm off-shelf waters. The cavity beneath the main ice shelf is up to 1000 m thick, with a series of sills connecting it to the Weddell Sea. The main sill, which largely underlies the ice tongue, is at 1°W. The next deepest sill, the eastern sill, is at 3°E [Nøst, 2004] . The vehicle flew a simple in and out mission that took it some 25 km into the sub-ice shelf cavity. Autosub flew at an elevation of 150 m above the seafloor, before turning around to exit the cavity on a reciprocal course but higher in the water column. For most of the return journey it flew in a terrain-following mode 100 m below the ice base (Figure 2a ).
Basal Topography of the Ice Shelf
[5] The track taken by Autosub is shown in Figure 1 , with the trajectory of the vehicle given in Figure 2a . For the return journey the upward-looking multibeam swath echosounder was within range of the ice surface, allowing a 3D acoustic image of the ice shelf basal topography to be obtained ( Figure 3 ) [Wadhams et al., 2006] . The first kilometer or so of the record shows the rather deeper drafting ice associated with the central portion of the ice shelf. For the remainder of the record the ice shelf base is at a depth of around 200 m and is a flat, almost specular reflector at the multibeam echosounder wavelength of 7.5 mm, but crossed by slightly shallower bands of dramatic topography with amplitudes and spatial wavelengths of around 20 m or so (Figure 3a) . The satellite image (Figure 1 ) shows these bands to be associated with gentle surface depressions, known as flow traces [Fahnestock et al., 2000] . If the ice shelf floats in hydrostatic equilibrium, depressions in the ice base will be typically nine times deeper than those at the surface. Ice base topography with spatial wavelengths substantially smaller than the ice thickness is not visible from satellites, as it does not survive to be reflected in the topography of the snow surface [Raymond and Gudmundsson, 2005] . There has therefore never before been any hint of the chaotic nature of the base beneath a flow trace. The past assumption has been that the surface depressions constituting flow traces reflect amplified, but similarly smooth depressions at the ice base. Such flow traces are ubiquitous on ice shelves, and so the present view that a typical ice-shelf base is for the most part smooth, with a drag coefficient that can be approximated by a constant value of around 0.003 [MacAyeal, 1984] needs to be reassessed. Clearly some areas of ice shelves are likely to exert very much higher drags on water flow, with consequences for the numerical models of sub-ice shelf ocean circulation [Jenkins and Holland, 2002] that will eventually supply parameterizations for global climate models.
Oceanographic Data
[6] The Acoustic Doppler Current Profiler (ADCP) data in Figure 2a show that, while the instruments performed as expected outside the cavity, their range dropped to a few tens of meters at best within a kilometer or two of moving beneath the ice shelf, and even those profiles suffered from a poor signal to noise ratio. To obtain the velocity vectors in Figure 2b , the median velocities from all the usable bins from both instruments (upward and downward) were averaged along the track in 1-km wide sections. Although the velocity data have been de-tided, the barotropic model used is not considered reliable near the topographic step imposed by the ice front, where, contrary to the vectors in Figure 2 , other evidence strongly suggests that the entire water column is leaving the cavity. Figure 1) . Also shown are the ADCP data illustrating the dramatically reduced range beneath the ice shelf that implies a dearth of appropriately sized scatterers in the water column. The data are for the north-south velocity component (positive northward, approximately perpendicular to the ice front), which have been averaged using a horizontal window 100 m wide. The inset figure shows the ADCP data in the vicinity of the ice front for the outward leg. (b) Vertically averaged ADCP currents after subtraction of the modelled tide. (c) Salinity (bold), and potential temperature (q). The thin, green, nearhorizontal broken line is the freezing point of the water at surface pressure for salinities measured on the outward journey.
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[7] The salinity and temperature data from Autosub exhibit a wealth of detail (Figure 2c ). Here we are concerned only with the main features of the records and what they can tell us about the large-scale circulation within the cavity. At the pressure of the base of the ice shelf (about 200 dbar; see Figure 2a ) the freezing point of seawater is 0.15°C lower than at the surface [Millero, 1978] . The coldest water masses that can be generated at the sea surface outside of the cavity ($À1.9°C, the surface freezing point) are therefore always warmer than the melting point at the ice shelf base, and thus capable of powering basal melting. In polar regions the salinity is the dominant control on water density; the water closer to the ice shelf base is freshened and, largely incidental to the density, cooled in the process of melting the ice.
[8] A striking feature of the data presented in Figure 2 is the role played by the nearby main sill (Figure 1 ). The depth of the sill (about 570 m) is indicated in Figure 2a . From where this depth intersects Autosub's trajectory we see that the water deeper than the sill is either at, or warmer than, the surface freezing point (Figure 2c ) calculated using the salinity measured by the vehicle. All the water sampled by Autosub above the depth of the sill has a temperature below the surface freezing point, and is therefore Ice Shelf Water (ISW) by definition [Jacobs et al., 1970] . The detided water currents indicate a different circulation regime above (south-eastward) and below (north-westward) the sill depth (Figure 2b ). Another obvious feature is the 0.02°C temperature increase in only 14 m along the outward track about 4 km before the turning point, a temperature front that marks the change to a different water mass whose maximum temperature is well above the surface freezing point. The presence of this warmer water implies some degree of exposure to the warmer waters found off the continental shelf. The potentially high basal melt rates that might result from this exposure are significant, as the ice shelves fringing the south eastern Weddell Sea are thought to play an important role in suppressing deep water formation in the region [Fahrbach et al., 1994] .
[9] We determine the warmer water's likely route into the cavity by comparing the data from Autosub with the conductivity-temperature-depth (CTD) data from stations occupied by the ship at the likely inflow sites along the ice front, identified as the main sill (CTD stations in orange) and the eastern sill (stations in green) in Figure 1 . The orange stations sampled the westward flow along the shelf break to the east of the ice tongue, capturing the properties of water entering the cavity via the eastern slope of the main sill; the presence of the ice tongue prohibited us from sampling the waters over the eastern slope directly. Station 15 lies on the western slope of the main sill, sampling outflow from the cavity. Figure 4 shows the CTD data from these ice front stations plotted on a potential temperaturesalinity (q-S) diagram, together with the data from Autosub. The mixing lines included in the figure show how the q-S characteristics of a water mass evolve when it interacts with ice; the lines are straight because, during melting or freezing, the change in the water's heat content is directly proportional to its change in salinity. The gradient of the mixing lines can be approximated by L/(Sc w ) where L and c w are the latent heat of fusion and specific heat capacity of ice, and S is the salinity of the ocean water below the upper boundary layer beneath the ice shelf [Nøst and Foldvik, 1994; Gade, 1979] .
[10] From the mixing lines in Figure 4 , none of the water types seen just east of the main sill (orange stations) are saline enough to be the source for any of the water observed during the mission. Thus the main sill was not the route into the cavity for the observed water masses. The mixing lines also show that both the warmer water measured by Autosub beyond the temperature front and below the depth of the main sill, and all the ISW from above the depth of the main sill, is most likely related to water flowing over the eastern sill (green station 38). All but the deepest water seen exiting the cavity at Station 15 had the same properties as the ISW observed beneath the ice shelf, and was again most likely to have been derived from water of the properties observed at Station 38.
[11] The remaining water measured by Autosub, the water near the surface freezing point at and below the sill depth (between kilometer 9.5 and 4 on the inward leg) has a salinity between 34.32 and 34.33, and is characteristic of Eastern Shelf Water (ESW) [Foldvik et al., 1985] , a water mass formed as a result of the combined effects of wintertime sea ice production and glacial melt. As ESW was not observed anywhere over the continental shelf during the cruise it presumably entered the cavity during the previous winter. Another indication of unsteady ventilation of the cavity can be seen from the characteristics of the deepest water at Station 15. As this water is leaving the cavity, its parent water must have been warmer and more saline, that is, from further up the mixing line. Again, such a water type was not seen at any of the stations occupied during the cruise, suggesting that the cavity is subject to events of episodic flushing with warmer, more saline water.
[12] Easterly winds in the southern Weddell Sea cause a southward surface Ekman drift and a consequential deepening of the thermocline that separates the cold shallower waters from the warmer deeper water. The strength of the easterlies thus controls how near the warm water is to crossing the sill into the sub-ice shelf cavity [Smedsrud et al., 2006] . A time-varying depth of the interface would be consistent with our conclusion that the cavity is episodically flushed with warmer waters. The huge Filchner-Ronne and Ross ice shelves are largely protected from the relatively warm waters beyond the continental shelf break by broad continental shelves. In contrast, Fimbul Ice Shelf is subject to extreme changes in regime that can result from relatively small changes in conditions at the continental shelf break: a quite minor change in the depth of the interface between the warmer and cooler water can lead to a dramatic change in the fortunes of the ice shelf.
Conclusions
[13] The principal conclusions from this first successful AUV deployment beneath an Antarctic ice shelf are that, beneath glaciological flow traces, the bases of Antarctic ice shelves are likely to be much rougher than hitherto thought, and that the cavity beneath Fimbul Ice Shelf, and probably other nearby ice shelves, is episodically flushed with relatively warm waters. Perhaps the most important finding from this mission is how much AUVs have to offer as platforms for sub-ice shelf exploration: a single mission has yielded a wealth of detail about the oceanography and topography of this fascinating environment.
